The ATLAS and CMS experiments are increasingly making use of jet substructure techniques in the search for new physics. By exploiting the energy and angular correlation structure within a jet, it is possible to differentiate between jets originating from light-quarks and gluons and jets from hadronically-decaying massive particles. Such techniques allow for the creation of new hadronic analyses, including di-tagged-jet resonances, single-jet mass scan searches, and searches for pairproduced vector-like quarks with complex hadronic final states. The sensitivities of these new searches are typically limited by the precision of the jet four-vector (especially the jet mass) and the ability to identify jets containing hadronically-decaying massive particles. Studies into new methods and tools to further extend the power of jet substructure techniques are very promising, and are set to further expand the relevance of jet substructure in the search for new physics.
Introduction
The ATLAS [1] and CMS [2] experiments have now collected a substantial dataset of protonproton collisions at √ s = 13 TeV as delivered by the LHC. Both collaborations are now actively working on analyzing this large dataset, and are conducting a wide variety of searches for new phenomena beyond the Standard Model (SM) of particle physics. In parallel, the two collaborations are also working on improving their understanding of the ATLAS and CMS detectors, and further refining their ability to reconstruct the nature of particles interacting with the detectors. This improved understanding of particle interactions has led to the creation of a new class of searches for physics beyond the SM, referred to as searches using jet substructure, where the energy and angular correlation structure within an individual hadronic jet is used to select interesting events.
Traditionally, jets have been used to represent the hadronization of individual light-quarks or gluons and their subsequent interactions with the detector, where light-quarks denotes all non-topquarks. However, individual light-quarks and gluons are not the only processes which give rise to hadronic showers. Massive hadronically-decaying particles, such as electroweak W/Z bosons, Higgs bosons, and top-quarks can all decay to two or more light-quarks, which then interact with the detector. At low transverse momentum p T these decays give rise to light-quarks which are individually distinguishable. However, as the p T of the hadronically-decaying massive particle increases, the boost from the decay frame (where daughter particles are back to back) to the experimental frame results in highly collimated light-quarks. At sufficiently high parent-particle p T , the light-quark hadronic showers begin to overlap, and thus they cannot be reconstructed as two separate jets. Instead, the entire decay system is reconstructed as a single large jet, and thus the large jet now represents not an individual light-quark or gluon but rather a hadronically-decaying massive particle. These two hadronic decay regimes are typically referred to as the resolved regime, where the parent particle is at low p T and thus the light-quarks can be reconstructed separately, and the merged or boosted regime, where the parent particle p T is sufficiently high that the entire decay system is reconstructed as a single large jet. A schematic showing the two regimes is provided in Figure 1 .
In the boosted regime, it is very important to be able to distinguish large jets containing hadronically-decaying massive particles from those only containing individual light-quarks and gluons. This is made possible by studying the energy and angular correlations between the constituents which make up the jet, referred to as the jet's substructure. To first order, this can be thought of as the mass of the jet and the number of decay axes present within the jet. In the case of a hadronically-decaying massive particle, the jet mass should correspond to the particle's mass, and the number of decay axes should correspond to the light-quark multiplicity of the hadronic decay. On the other hand, individual light-quarks or gluons should have only a single axis and should have a small mass, corresponding to the stochastic nature of hadronic showers and the objects used to reconstruct the jet. This allows for the ability to identify real hadronic decays of massive particles, as represented in the schematic in Figure 2 . More concrete examples of jet identification are presented in Section 2.
The ability to reconstruct entire hadronic decays as a single large jet, and the subsequent capability to identify the origin of the jet, is very useful in the search for physics beyond the SM. Figure 2: A schematic for hadronically-decaying massive particles in the Standard Model, showing the general idea of how the jet mass and number of axes in the jet can be used to identify the parent particle.
or notes) on searches for new phenomena using jet substructure, meaning that there were a total of 30 new results between the two collaborations. These results can primarily but not completely be divided into three categories: dijet resonance searches, single-jet mass scan searches, and searches for hadronically decaying vector like quarks. These three categories will be discussed in Sections 3, 4, and 5 respectively with all examples taken from results published in the first part of 2018. Searches making use of jet substructure are typically limited by the jet identification power or the precision to which the large jet four-vector is known. These are both areas of active study, and a brief perspective on future developments in the field of jet substructure is presented in Section 6.
Jet substructure
As mentioned, the jet mass is a very powerful variable for the identification of the jet's initiating particle. The jet mass is part of the four-vector, and is thus a well-defined quantity with a physical meaning and truth expectation value. In contrast, jet substructure variables which quantify the consistency of the jet energy and angular distribution with the hypothesis of coming from a given number of particles (being aligned with a given number of axes) is less robust. They are typically intrinsically linked with the spatial resolution of the objects used to reconstruct the jets, and will differ drastically with respect to different jet reconstruction procedures. Substructure variables are thus powerful tools, but they have no absolute expectation value, rather there is typically an expectation that a light-quark or gluon jet will have a large or smaller value than the hadronicallydecaying massive particle of interest. Two common examples of substructure variables will be considered.
The reconstructed jet mass and its corresponding separation between hadronically-decaying W bosons and the QCD jet background (individual light-quarks and gluons) is shown in Figure 3 . While this does remove the majority of the QCD, the QCD cross-section is much larger than the cross-section for any hadronically-decaying massive particle, and thus it is necessary to define energy correlation ratio after the application of a mass window selection, for QCD jets (red) and hadronically-decaying W boson jets (blue), further enhances jet identification [4] .
further selections that reduce the QCD background. One powerful example is the D (β =1) 2 variable, defined below, which is one way of representing the consistency of a jet under the one-axis vs multi-axis interpretation. The discrimination power of the D (β =1) 2 variable after the application of a jet mass cut is shown in Figure 4 , and the variable itself is defined as [5] :
The D β 2 variable is typically used with β = 1 and is referred to as an energy correlation ratio, as it is built from a ratio of the 1-, 2-, and 3-point Energy Correlation Functions (ECFs). This variable avoids defining any explicit axes, but an alternative approach is to directly impose a given number of axes on the jet constituents and evaluate the consistency of the jet with that interpretation. This is done in the n-subjettiness variable τ β 32 , which also is typically used with β = 1, and which measures the consistency of a given jet with the interpretation of being composed of 3 subjets as opposed to 2 or fewer. This variable is typically used for top-quark identification, and is defined as [6] :
Searches for new physics using jet substructure in ATLAS and CMS Steven Schramm
a i = a given axis of, or within, the jet Taggers built from cuts on a pair of jet substructure variables, typically including the jet mass and one other variable (such as D
) are already very powerful and have a history of usage within both ATLAS and CMS. More complex taggers including machine learning classifiers are increasingly being used, but most of the searches to date for physics beyond the SM using jet substructure use these simple taggers.
Dijet resonance searches
Dijet resonance searches have a long history back to well before the LHC, and have been conducted several times by ATLAS and CMS. However, the advent of powerful tools for the identification of hadronically decaying massive particles has led to a new class of dijet resonance searches. There are many models of physics beyond the SM that predict couplings to pairs of massive SM particles, whether they are pairs of W bosons, Z bosons, Higgs bosons, top-quarks, or combinations thereof. All of these SM particles have large or dominant branching fractions to hadronic final states, and thus it is interesting to consider searches where one or both of the massive particles decays hadronically.
A prototypical example is the fully hadronic di-boson resonance search, which studies the WW, WZ, and ZZ final states where each boson decays to a pair of quarks. The ATLAS analysis [7] makes use of general topological selections, followed by very tight cuts on the jet mass and D (β =1) 2 , as shown in Figure 5 . This selection retains less than 20% of possible signal events for one benchmark model, but it also suppresses the QCD background by several orders of magnitude. The sensitivity of the analysis is primarily driven by the sensitivity of the electroweak boson tagger, and thus the latest iteration of the analysis invested the time in developing new inputs to jet reconstruction and re-optimizing the boson tagger specifically for the analysis. The end result is significantly improved due to these changes, with 2 − 4× improvements over a simple luminosity scaling for most of the parameter space, as shown in Figure 6 .
Another example is to exploit the Higgs boson, and conduct searches for di-Higgs resonances where each Higgs boson decays to a pair of b-quarks. As with the fully hadronic di-boson resonance search, the sensitivity to di-Higgs decays is primarily defined by the ability to identify Higgs bosons. The CMS analysis [8] (superseded by [9] ) does this by double-b tagging the large jet to significantly suppress the QCD background, and then applying an additional selection on the large 4
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Searches for hadronic W boson identification [7] . Figure 6 : Combined limits on the production of WW+WZ resonances comparing the past result before (long-dashes) and after (short-dashes) scaling to the new luminosity, and the new much-improved result (solid) using new jet inputs and taggers [7] . jet mass to further suppress QCD jets and also reduce the tt background, as shown in Figure 7 . The end result is an impressive set of limits on di-Higgs resonances, where the analysis is nearing the level of sensitivity required to probe standard bulk KK graviton models, as shown in Figure 8 . This is an impressive feat, given that the Higgs boson was only recently discovered, and its decay mode to pairs of b-quarks had not yet been confirmed by both ATLAS and CMS at the time of this conference. Figure 7 : The jet mass is used on double-btagged jets to provide further discrimination power between the signal Higgs boson jets (black) and the background jets from QCD (blue) or tt (red) sources [8] (superseded by [9] ). Figure 8 : Limits on the production of di-Higgs boson resonances where each Higgs boson decays to a pair of b-quarks, which are approaching the needed sensitivity to probe standard graviton models [8] (superseded by [9] ).
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Jet mass scan searches
The typical resonance search for a pair of objects works well at high energies and in the strong coupling regime. However, it is also important to search for weakly-coupled low-mass resonances. This cannot be done with standard dijet resonance searches due to the high trigger thresholds, which currently limit most dijet searches to searches for new resonances in the TeV regime. There are several methods to work around the trigger limitations, including one method which relies heavily on jet substructure, known as mass-scan searches. In such searches, the trigger limitation is bypassed using a hard Initial State Radiation (ISR) object which is easy to trigger on. As the ISR object has a large p T , the recoiling system is also boosted, and thus is collimated into a single large jet. The large jet mass can therefore be probed for bumps, which would correspond to low-mass resonances contained within a single jet.
One example of such a search is the inclusive X+ISR search, where X denotes the potential new particle with an unknown mass. The ATLAS X+ISR search [10] is conducted in two channels, where the triggering ISR object is either a photon or another jet. In order to search for a bump in the single large jet mass spectrum, it is important that any selections applied in the analysis do not bias the jet mass. This is a very challenging constraint, as it is still necessary to suppress the QCD background, and essentially all substructure variables are correlated with the jet mass. Instead, the Designed Decorrelated Tagger (DDT) procedure [11] is used to decorrelate τ 21 from the jet mass, therefore defining a QCD discriminant τ DDT 21 which does not bias the mass spectrum. This decorrelation is demonstrated in Figure 9 . The limits from conducting a resonance search on the resulting single large jet mass spectrum is shown in Figure 10 , where this result covers the range of potential new particle mass between 100 and 220 GeV. The same analysis can be further extended by applying a double-b tag to the large jet, therefore strongly suppressing the QCD background. Additionally, double-b tagging increases the sensitivity to new particles which couple strongly to more massive particles (including many scalar models).
6
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The CMS analysis making use of this approach [12] very clearly observes the presence of the Z → bb peak as seen in Figure 11 , which is a nice validation of the analysis methodology. The analysis is further conducted for two different jet definitions, including both large and very large jets. This combination of two jet definitions allows for the search to cover potential new particle masses between 50 and 350 GeV, as shown in Figure 12 . 
Vector-like quark searches
Vector-Like Quarks (VLQs) couple to one fermion, usually from the third generation, and one massive boson. This gives rise to final states of top-quarks (a third generation fermion), electroweak bosons, and Higgs bosons. As an example, the B VLQ can decay three ways: Wt, Zb, and Hb. As such, di-B production results in a final state with between two and four massive particles, all of which can decay hadronically. Jet substructure is an excellent tool to exploit the full potential of such complex final states.
The CMS search for di-B and di-T production in semi-leptonic final states [13] considers 1, 2, and 3-lepton channels. In the 1-lepton channel, the large jet mass and τ 21 are both used to suppress the large tt background. The τ 21 distribution after the application of a jet mass cut is shown in Figure 13 . Jet substructure information is further part of the 16-way categorization of W boson vs Higgs boson jets used by the analysis. The resulting limit on a benchmark di-B production model is shown in Figure 14 .
Semi-leptonic decay modes of pair-produced VLQs are useful as the presence of leptons significantly reduces the QCD background. However, the large hadronic branching fractions of the many massive particles also motivates the 0-lepton analysis. The ATLAS 0-lepton di-B and di-T Figure 13 : The τ 21 = τ 2 /τ 1 jet substructure variable provides further discrimination between VLQ signals (black lines) and background (colour-filled regions) after the use of a jet mass selection [13] . Figure 14 : Limits on the production of VLQ BB pairs, combining the results from single-, di-, and tri-lepton final states, where jet substructure is used extensively in the single-lepton channel [13] .
production search [14] makes use of a more complex jet tagger to suppress the large QCD background and resolve the ambiguity between different hadronically-decaying particles. This machine learning classifier is composed of a Deep Neural Network (DNN), with multiple output weights, thus making it a multi-class tagger. This is useful as the final discriminant can therefore distinguish between different categories of jets. In the first stage, QCD jets are rejected in favour of signal jets comprised of W/Z bosons (Vector bosons), Higgs bosons, or top-quarks, as shown in Figure 15 . In the second stage, any ambiguity in the jet type is resolved by comparing the classifiers output for the different signal interpretations and picking the most probable result. The final limits for the same benchmark are shown in Figure 16 . These limits are not currently as powerful as the semileptonic analysis for the benchmark model in question, but the fully hadronic search does provide better sensitivity to the B → Hb decay mode with respect to the semi-leptonic search.
Improving jet substructure for future searches
The sensitivity of dijet resonance searches and VLQ searches is typically limited by the ability to identify the hadronically-decaying massive particle of interest. It is therefore worthwhile investing significant effort into improving hadronically-decaying massive particle taggers, as many searches for physics beyond the SM will benefit. CMS has done exactly this by devising new taggers based on exploiting recent machine learning developments, building DNNs for both Higgs boson double-b-taggers [15] as shown in Figure 17 and DNNs for top-quark identification [16] as shown in Figure 18 . In both cases, the DNN tagger drastically outperforms the reference tagger. These are only two of many examples; it is clear that machine learning is playing an increasingly prominent role in the identification of jets from hadronically-decaying massive particles.
Mass scan searches depend on both the ability to reject the QCD background and the precision of the jet four-vector. In particular, it is important to have a very precise knowledge of the jet mass, as this is the primary variable use to study the presence of potential new signatures of physics 8
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Searches for new physics using jet substructure in ATLAS and CMS Steven Schramm Figure 16 : Limits on the production of VLQ BB pairs in the zero-lepton final state, where the sensitivity decays away from the 1 TeV mass point because the analysis was optimized directly for the one point rather than over a range of points [14] . The classification power of different top taggers shows the importance of using Deep Neural Networks (DNNs) using full particle information to obtain the best top-quark identification power [16] .
beyond the SM. ATLAS is thus working on bringing large jets into the precision regime [17] , with percent-level p T scale uncertainties over most of the parameter space as seen in Figure 19 and fewpercent-level mass scale uncertainties as shown in Figure 20 . The p T scale is evaluated in multiple topologies by balancing the large jet against a reference object, while the mass scale is evaluated by fitting the W boson and top-quark mass peaks in semi-leptonic tt events and extrapolated to other kinematic regions using the R trk procedure. The R trk procedure uses double-ratios of the large jet mass as calculated using purely tracking detector or calorimeter information and then uses this ratio to constrain the mass scale differences between data and simulation.
[GeV]
T p jet R Large- The forward folding technique is used to evaluate the large jet mass scale difference between data and MC, which is then extrapolated to other kinematic ranges using the R trk procedure [17] .
Summary
Jet substructure is playing an increasing prominent role in the ATLAS and CMS physics programs, including the search for new physics beyond the standard model. Of the many searches using jet substructure that have been published this year, they can be primarily divided into three categories: dijet resonance searches, mass scan searches, and VLQ pair-production searches. These three types of searches benefit from the increased knowledge of the ATLAS and CMS detectors, as well as an improved understanding of how to reconstruct jets and jet properties. Searches using jet substructure are typically limited by the ability to identify the hadronic decays of massive particles, notably W bosons, Z bosons, Higgs bosons, and top-quarks, and machine learning appears to be a promising means of significantly improving jet taggers. Some of the searches are also sensitive to the precision of the jet four-vector, and thus increasingly advanced methods are being devised to constrain the jet p T scale to the percent-level and the jet mass scale to the few-percent-level. These advances in jet identification power and precision jet four-vector evaluation is expected to both further improve existing searches using jet substructure and create new jet substructure searches.
